Autophagy is an evolutionarily conserved cellular homeostatic pathway essential for development, immunity, and cell death. Although autophagy modulates MHC antigen presentation, it remains unclear whether autophagy defects impact on CD1d lipid loading and presentation to invariant natural killer T (iNKT) cells and on iNKT cell differentiation in the thymus. Furthermore, it remains unclear whether iNKT and conventional T cells have similar autophagy requirements for differentiation, survival, and/or activation. We report that, in mice with a conditional deletion of the essential autophagy gene Atg7 in the T-cell compartment (CD4 Cre-Atg7
), thymic iNKT cell development-unlike conventional T-cell development-is blocked at an early stage and mature iNKT cells are absent in peripheral lymphoid organs. The defect is not due to altered loading of intracellular iNKT cell agonists; rather, it is T-cell-intrinsic, resulting in enhanced susceptibility of iNKT cells to apoptosis. We show that autophagy increases during iNKT cell thymic differentiation and that it developmentally regulates mitochondrial content through mitophagy in the thymus of mice and humans. Autophagy defects result in the intracellular accumulation of mitochondrial superoxide species and subsequent apoptotic cell death. Although autophagy-deficient conventional T cells develop normally, they show impaired peripheral survival, particularly memory CD8 + T cells. Because iNKT cells, unlike conventional T cells, differentiate into memory cells while in the thymus, our results highlight a unique autophagy-dependent metabolic regulation of adaptive and innate T cells, which is required for transition to a quiescent state after population expansion.
CD1d | autophagy | iNKT cells | metabolism | glycolysis A utophagy is an evolutionarily conserved catabolic process that, by facilitating the breakdown and recycling of damaged organelles and long-lived proteins, is essential to maintaining cellular homeostasis (1) . The autophagy pathway is highly regulated during development and also by environmental factors such as nutrient availability/starvation, hypoxia, and reactive oxygen species (ROS). The process is controlled by a number of autophagy-related genes (Atg) and starts with the formation of a double-membraned vesicle (the autophagosome) engulfing the cytoplasmic components to be delivered to the lysosome for degradation. Formation of the autophagosome requires the concerted action of two ubiquitin-like conjugation systems in which Atg12 is covalently linked to Atg5 and Atg8 is conjugated to phosphatidylethanolamine (2, 3) . Atg7 is a necessary catalyst in both conjugation systems and is therefore essential for autophagy (3) .
Due to its important role in cellular homeostasis, dysregulation of autophagy has been implicated in several pathological processes, including neurodegeneration, autoimmunity, cancer, and infection (4) . Furthermore, autophagy plays an important role during immune responses by regulating pathogen handling and antigen presentation (5, 6) . It is well established that different populations of αβ T lymphocytes can recognize not only peptides in the context of MHC class I and class II molecules, but also foreign and self-lipids in association with CD1 proteins (7), antigen-presenting molecules that share structural similarities with MHC class I molecules. Of the five CD1 isoforms, CD1d restricts the activity of a family of cells known as invariant natural killer T (iNKT) cells because of their semi-invariant T-cell receptor (TCR) use (7) . It has been demonstrated that autophagy can deliver intracellular antigens to MHC class II containing compartments for antigen processing and loading onto MHC class II molecules (8) . Considering the intersection of this compartment with the CD1 loading pathway and the observation that lysosomal storage disease models impair presentation of intracellular iNKT cell agonists to iNKT cells (9) (10) (11) , we investigated the role of autophagy in lipid antigen presentation by CD1 molecules.
iNKT cells develop in the thymus in a tightly regulated selection process that requires self-lipid antigen presentation by CD4 + CD8 + double-positive (DP) CD1d + thymocytes and access of CD1d molecules to the lysosomal compartment. Concerted signaling initiated through the TCR and molecules of the SLAM family of receptors imparts to the developing iNKT cells a memory phenotype with the ability to promptly secrete a plethora of cytokines upon stimulation and to home to inflamed tissues (12) . Impaired trafficking of CD1d molecules to the lysosome, lysosomal lipid storage, and lack of lipid transfer proteins have all been shown to profoundly affect iNKT cell development (7) . Likewise, genetic ablation of signaling molecules, adaptors, or transcription factors downstream of the TCR/SLAM axis also leads to impaired iNKT cell development (12) .
In this paper, we report that deletion of the essential autophagy gene Atg7, which has no described autophagy-unrelated functions, abrogates iNKT cell development in a T-cell-intrinsic manner, affecting survival of developing iNKT cells in the thymus.
Significance
Autophagy is an evolutionarily conserved catabolic process essential to maintaining cellular homeostasis through the breakdown and recycling of damaged organelles and long-lived proteins. We report that autophagy plays an essential cellintrinsic role in maintaining the survival of a subset of innate-like cells known as invariant natural killer T (iNKT) cells. Autophagy deficiency prevents transition to a quiescent state after population expansion of thymic iNKT cells. Hence, autophagydeficient iNKT cells accumulate mitochondria and oxygen radicals and subsequently die of apoptosis.
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Unexpectedly, Atg7-deficient thymocytes and bone marrowderived dendritic cells (BMDCs) showed no defect in exogenous or self-lipid antigen presentation.
Results
Early Block of iNKT Cell Development in Atg7-Deficient Mice. To study the role of autophagy in lipid antigen presentation, we analyzed mice in which Atg7 has been conditionally deleted in the hematopoietic system [Vav-Atg7 −/− mice (13)]. Remarkably, no mature iNKT cells could be detected by α-GalCer-CD1d tetramer staining in the liver and spleen of Vav-Atg7 −/− mice (Fig. 1A) . A fourfold reduction in the percentage of iNKT cells was observed in the thymus (Fig. 1A) . Furthermore, the majority of remaining thymic iNKT cells displayed an immature phenotype with a reduction in the fraction of stage 3 CD44 + NK1.1 + α-GalCer-CD1d tetramer + cells (Fig. 1B) . As Vav-Atg7 −/− mice have a defect in hematopoietic stem cells leading to progressive anemia, splenomegaly, lymphadenopathy, and death by 12 wk of age (14), we analyzed a second genetic mouse model in which Atg7 deficiency was restricted to the T-cell compartment by crossing Atg7 flox/flox mice (15) with CD4-Cre transgenic mice. We confirmed efficient Atg7 deletion in DP and CD4
+ singlepositive (SP) thymocytes of CD4 Cre-Atg7 −/− mice, consistent with the induction of Cre expression at the DP stage (Fig. S1 ). Similar to previous observations in Vav-Atg7 −/− mice, CD4 Cre-Atg7
mice also lacked mature iNKT cells in the liver or spleen, with a fivefold reduction in the percentage of iNKT cells in the thymus ( Fig. 2A and Fig. S2 ). Total cell numbers of thymus and spleen were comparable between wild-type (WT) and CD4 Cre-Atg7
littermates ( Fig. 2B ), as were the percentages of thymic DP, CD4
+ , and CD8 + T cells, whereas percentages of thymic γδ T cells were significantly increased in CD4 Cre-Atg7 −/− mice (Fig.  2C) . These results underscore the specific defect in thymic iNKT cell development as conventional T cells were reduced only in the periphery. Indeed, despite normal splenic cell numbers (Fig.  2B) , we observed reduced percentages of CD3 + T cells and of non-CD4 + T cells in CD4 Cre-Atg7 −/− mice (Fig. S3A) . Residual iNKT cells in the thymus were reduced both in percentages (Fig. 2D ) and in absolute numbers (Fig. S3B) Fig. S3C ). Consistent with the more immature phenotype, thymic CD4 Cre-Atg7 −/− iNKT cells also expressed less Bcl2, Egr2, and PLZF, the last two being transcription factors essential for iNKT cell development (Fig. S3D ) (16, 17) . Similar to iNKT cells, type II NKT cells (defined as α-GalCer-CD1d tetramer − TCRβ + NK1.1 + ) were also reduced in frequencies in the thymus of CD4 Cre-Atg7 −/− mice (Fig. S3E ). In agreement with the lack of mature splenic iNKT cells upon in vivo injection of the strong glycolipid agonist α-GalCer, we failed to detect a population of activated (CD69 bright) IFNγ +
IL4
+ α-GalCer-CD1d tetramer + cells in the spleen of CD4 Cre-Atg7 −/− and CD1d −/− mice, which in contrast was clearly detectable in the spleen of WT mice ( Fig. 3 A and B) . Likewise, iNKT cell-dependent B-cell activation (as depicted by CD69 expression) was observed only in WT, and not in CD4 Cre-Atg7
−/− mice (Fig. 3C ).
Normal Lipid Antigen Presentation by Atg7-Deficient Cells. For iNKT cell selection to take place in the thymus, thymocytes need to express CD1d molecules, which need to traffic through the lysosomes where loading of self-lipids takes place supported by lipid transfer proteins (18, 19) . We reasoned that Atg7 deficiency could influence CD1d expression, the lipid repertoire, and/or the capacity of selecting thymocytes to present lipids on CD1d molecules, potentially impairing iNKT cell-positive selection. However, the results of our experiments were not consistent with this possibility, as we showed that CD1d expression in thymocytes and splenic B-cell and BMDCs from Vav-Atg7 −/− mice was normal or even increased (Fig. 4A) . Furthermore, BMDC from WT and Vav-Atg7 −/− mice were equally potent in stimulating the murine hybridoma DN32 (Fig. 4B ) and human iNKT cells (Fig.  4C ) when pulsed with different concentrations of α-GalCer and of the disaccharide Gal(α1→2)GalCer (GalGalCer), whose presentation is strictly dependent on uptake and processing by α-galactosidase in the lysosome (10) . As lysosomal storage disease models impair presentation of GalGalCer and access of CD1d to the lysosomes (9-11), these results suggest normal trafficking of CD1d molecules and lack of lipid storage in Vav-Atg7 −/− cells. Finally, we also observed comparable autoreactivity of human iNKT cells to WT and Vav-Atg7 −/− cells (Fig. 4D) . However, we could not determine autoreactivity of murine iNKT cells as the release of cytokines was below the detection limit of our assay.
All together, these results argue against a contribution of Atg7-dependent autophagy in modulating CD1d-dependent lipid antigen presentation to developing iNKT cells.
Atg7 Deficiency Regulates iNKT Cell Development in a T-Cell-Intrinsic
Manner. The above results suggested that a T-cell-intrinsic defect may be determining the block in iNKT cell development in CD4 Cre-Atg7 −/− mice. To confirm and extend these findings, we set up bone marrow chimeras. CD4 Cre-Atg7 −/− or WT bone marrow cells (CD45.2) were mixed 1:1 with B6.SJL bone marrow (CD45.1) and transplanted into lethally irradiated CD45.1 B6. SJL hosts. The peripheral blood of recipient mice was analyzed after 8 wk to assess reconstitution, which was comparable between control (SJL:WT) and CD4 Cre-Atg7 −/− chimeras ( thymus and spleen was comparable between the two types of chimeras ( Fig. S4 B and C) . We next analyzed the contribution of each donor population toward reconstitution on the basis of expression of the congenic marker CD45. In the thymus of SJL: WT control chimeras, we observed a moderate bias toward CD45.1 T cells, likely due to radio-resistant recipient cells (20) (Fig. 5A ). In the thymus of the CD4 Cre-Atg7 −/− chimeras, despite an equivalent reconstitution of CD4 + and CD8 + T cells by WT (CD45.1) and knockout (CD45.2) cells, iNKT cells were almost entirely derived from WT CD45.1 donor cells (Fig. 5A) . Overall, thymic Atg7-deficient iNKT cell reconstitution was 5.95-fold less efficient than WT iNKT cell reconstitution (Table 1) . Furthermore, although the iNKT cells derived from WT donor cells reached full maturity, as shown by the expression of CD44, Vβ8.1/8.2, and NK1.1 ( In the spleen of control SJL:WT chimeric mice, we again observed a slight bias toward CD45.1 donor T cells, whereas the B-cell compartment was equally reconstituted (Fig. 5B ). In the spleen of CD4 Cre-Atg7 −/− chimeric mice, as expected, we observed an equal contribution of the two donor populations toward reconstitution of the B-cell compartment because the Cre transgene is not active in B cells. In contrast, the contribution of CD4 Cre-Atg7 −/− -deficient cells toward reconstitution of the T-cell compartment was markedly reduced and iNKT cells were almost entirely derived from WT donor cells (Fig. 5B) . Overall, we calculated that reconstitution of Atg 7-deficient splenic CD4
+ , and iNKT cells was 2.68-, 5.49-, and 5.2-fold less efficient than that of their WT counterparts, respectively ( Table 1) .
The phenotype of the chimeric mice thus resembles that of the CD4 Cre-Atg7 −/− mice, demonstrating that Atg7 deficiency has a T-cell-intrinsic effect on the development/survival of the iNKT cell compartment and on the survival of peripheral T cells.
Normal Rearrangement of Vα14-Jα18 Gene Segments. Rearrangement of Vα14-to-Jα18 gene segments in DP thymocytes is necessary for iNKT TCR-positive selection by CD1d self-lipid complexes (7). The process is temporally regulated during ontogeny and requires adequate survival of the DP population (21) . We therefore measured by qPCR Vα14-Jα18 rearrangement in DP thymocytes, sorted after exclusion of α-GalCer-CD1d tetramer + cells, and found equal rearrangement in WT, CD4 Cre Atg7
, and CD1d −/− , whereas no rearrangement was detected in control Jα18
−/− mice, as expected (Fig. 6A ). These results suggest that the reduced numbers of iNKT cells in Atg7-deficient mice are not due to reduced life span of DP thymocytes potentially impairing the late Vα14-Jα18 rearrangement.
Proliferative Capacity of CD4 Cre Atg7 −/− iNKT Cells. We next determined whether the decreased iNKT cell numbers in Atg7-deficient mice could be due to decreased proliferation as immature iNKT cells undergo population expansion in the thymus. We observed increased BrdU incorporation and K i -67 staining in CD4 Cre Atg7 −/− iNKT cells compared with WT iNKT cells ( 
Atg7
−/− iNKT cells occurs ( Fig. S5 A and B) . Although these results suggest that terminal maturation of Atg7-deficient iNTK cells is not due to defective proliferation, it remains possible that autophagy might regulate cell cycle progression and, ultimately, cell survival.
Defective iNKT Cell Survival in CD4 Cre-Atg7 −/− Mice. It has previously been shown that Atg7 and Atg5 play a role in survival of peripheral T cells (22, 23) . In agreement with previously published data (23, 24) , splenic T cells were reduced in percentages and absolute numbers ( ) was particularly affected (Fig. S6 A and B) . The phenotype was replicated in the bone marrow chimeric mice, where survival of Atg7-deficient T cells was compromised with a marked decrease in memory T cells (Fig. 5B and Fig. S7) .
To investigate the contribution of Atg7 in iNKT cell survival, thymocytes and splenocytes from chimeric mice were cultured in complete medium for 4 h and the rate of apoptosis was measured by Annexin V staining. In the thymus, comparable survival was observed for CD4 + and CD8 + T, irrespective of the donor origin (CD45.1 or CD45.2). However, survival of Atg7-deficient iNKT cells (CD45.2) was markedly impaired (Fig. 6C) . In the spleen of CD4 Cre-Atg7 −/− chimeric mice, we observed increased apoptosis in both Atg7-deficient CD4 + and CD8 + cells (Fig. 6D) , consistent with the impaired survival of Atg7-deficient mature T cells (23) . Increased apoptosis of Atg7-deficient iNKT cells was also observed ex vivo (Fig. S5 C and D) . Consistent with these results, we observed that upon in vitro culture with α-GalCer, CD4 Cre-Atg7 −/− thymic iNKT cells underwent a threefold lower expansion compared with WT counterparts (Fig. S5E) , despite evidence of cell proliferation and activation, as measured by carboxyfluorescein succinimidyl ester (CFSE) dilution and CD25 up-regulation (Fig. S5F) .
Mitochondrial Content and Autophagy Are Developmentally
Regulated in iNKT Cells. Autophagy-dependent changes in mitochondrial content mark the developmental transition from thymocytes to circulating peripheral T cells (23) . We therefore asked whether the different impact of Atg7 in the thymic development of iNKT versus conventional T cells correlated with a distinct regulation of mitochondrial content and autophagy during development of the two populations. Toward this aim we stained cells with the lipophilic thiol-reactive dye MitoTracker Green that selectively labels the mitochondrial inner membrane and matrix (25) and that has previously been used to measure mitochondrial content in hematopoietic cells (14) . We observed that within the thymus mature CD4
+ and CD8 + T cells have a higher staining with MitoTracker Green compared with DP thymocytes and immature iNKT cells ( Fig. 7 A and C) . In addition, in iNKT cells MitoTracker Green staining is decreased during transition between immature CD24 + cells and mature CD44
+ cells (Fig. 7 A and C) . In parallel with the reduction in mitochondrial staining, mature iNKT cells also showed lower staining with the superoxide-specific probe MitoSox (Fig. 7 B  and D) . Although we observed only a minor increase in MitoTracker Green and MitoSox staining in the thymus of CD4 CreAtg7 −/− mice, the difference reached statistical significance in chimeric mice and for conventional T cells in the spleen. Although a minor difference in MitoTracker Green staining was previously observed in lck Cre-Atg7 −/− mice, this was not the case in Atg5 fetal liver chimeric mice, suggesting subtle differences in different model systems, possibly due to the timing of the deletion (13, 23) .
We next examined differences in autophagy levels in developing iNKT cells versus conventional T cells, using the Cyto ID green autophagy dye, which has been previously validated for use in flow cytometry (26) . iNKT cells displayed the highest Cyto ID staining in the thymus, whereas SP CD4 + and CD8 + T cells had intermediate staining, and DP precursor the lowest (Fig. 7 E and G) . Furthermore, Cyto ID staining increased with iNKT cell maturation from stage 0 (lowest) to stage 3 (highest) (Fig. 7 F and H) .
One possible interpretation of these results is that, whereas conventional T cells control their mitochondrial content (as defined by MitoTracker Green staining) during the transition from the thymus to the periphery, iNKT cells need to have already done so in the thymus. This process is likely to require autophagy, which through mitophagy is known to regulate mitochondrial homeostasis.
Mitophagy Is Required for Memory T-Cell Development and Memory T-Cell Metabolic Requirements. In splenic T cells, MitoTracker Green staining is lower in CD8
+ than in CD4 + T cells, and among CD8 + T cells, CM and naive cells have lower levels of MitoTracker Green staining than effector memory and effectors (Fig. S6C) . Interestingly, CD8
+ CM and naive T cells are mostly affected by lack of functional Atg7 (Fig. S6A) (23) . The observation that lack of Atg7 affects iNKT cells earlier than conventional T cells, in addition to the fact that iNKT cells differentiate into memory cells while in the thymus, suggests that mitochondrial clearance might be related to changes in cell metabolism during effector-memory differentiation. It is well known that naive T cells rely on oxidative phosphorylation for their metabolic demands but switch to aerobic glycolysis upon activation (27) . This metabolic reprogramming is then reversed in memory T cells, which switch back from aerobic glycolysis to oxidative metabolism, allowing survival of memory T cells for extended periods in the absence of glucose or growth factors (28) . Survival of T-cell precursors in the thymus depends on Notch and IL-7-dependent up-regulation of glucose uptake and glycolysis (29) . The high metabolic demand of T-cell precursors correlates with extensive proliferation during thymic β-selection. Unlike conventional T cells, iNKT cells undergo a second proliferative wave after selection, which leads to expansion of iNKT cell numbers as development progresses from stage 0 to stage 3 (30) . We therefore investigated glucose uptake in iNKT cells by incubating thymocytes with the fluorescent glucose analog 6-NBDG. When gating on iNKT cells, we observed higher uptake by immature stage 0 iNKT cells than by stage 3 mature iNKT cells (Fig. 8A) . This was accompanied by a higher expression of the glucose transporter Glut1 ( iNKT cells, as assessed by Ki67 staining (Fig. 8C) . Following this population expansion phase, mature iNKT cells differentiate into memory cells. During this transition they enter a quiescent phase in which we speculate that their energy supplies may rely mainly on catabolic processes and autophagy (consistent with the Cyto ID staining data shown in Fig. 7H ). All together, these results support the notion that Atg7-dependent autophagy is required for memory T-cell development and demonstrate that mitochondrial content (as measured by MitoTracker Green staining) is developmentally regulated in iNKT cells.
Human Thymic iNKT Cells Have Reduced MitoTracker Green Staining.
CD1d and iNKT cells are highly conserved in evolution and cross-species reactivity is common: indeed, human iNKT cells react with murine α-GalCer-CD1d complexes and vice versa (Fig. 4) (31) . We therefore investigated whether human thymic iNKT cells also down-regulated their mitochondrial content during development. In four human thymus samples of different ages, we observed consistently lower MitoTracker Green staining in iNKT cells compared with mature CD4 + and CD8 + T cells (Fig. 8 D and E) . In three of four donors, we also observed higher Cyto ID staining in iNKT cells compared with double-positive Tcell precursors, although there was no significant difference with mature CD4
+ and CD8 + T cells (Fig. S8 ). These results confirm and extend our previous findings on the developmental regulation of mitochondrial content in murine iNKT cells.
Discussion
Autophagy plays an essential role during development, immunity, and cell death (1). As it is known that autophagy is important in MHC class II antigen presentation (8) and in shaping the T-cell repertoire (32), we investigated whether it also regulates CD1d-dependent lipid antigen presentation. We have shown that Atg7-dependent autophagy does not influence presentation of exogenous or self-lipid antigens to iNKT cells; however, it has a Tcell-intrinsic role in regulating iNKT cell development, which is not seen during thymic development of conventional T cells.
Although we found normal presentation of soluble synthetic iNKT cell agonists in the absence of Atg7, it remains to be determined whether presentation of particulated antigens, such as lipids complexed in bacterial cell walls, might depend on a functional autophagy pathway. Indeed, autophagy is known to be required for bacterial handling (33) . Furthermore, although we did not detect altered autoreactivity of iNKT cells toward CD4 Cre-Atg7 −/− thymocytes, in our bone marrow chimeras the reconstitution of type II NKT cells by WT and CD4 Cre-Atg7 −/− precursors was almost comparable (unlike that of iNKT cells, Fig. S4 D and E) , raising the possibility that CD1d-dependent presentation of other classes of lipids may not be autophagyindependent. However, due to technical challenges in tracking type II NKT cells, we did not investigate this question further.
We observed that mice with a deletion of the essential autophagy gene Atg7 in the T-cell compartment (CD4 Cre-Atg7 stage, and hence not affected by the CD4-Cre transgene) warrants further investigation. Recent findings have challenged the linear maturation process of iNKT cell development, suggesting that iNKT cells might instead differentiate into three subsets characterized by specific effector functions and tissue homing and hallmarked by the expression of distinct transcription factors: T-bet (iNKT1), PLZF (iNKT2), and RORγt (iNKT17) (34) . This classification roughly correlates with the conventional staging system in B6 mice, as NKT1 cells were shown to be predominantly stage 3 and NKT2 cells stages 1 and 2, although NKT17 cells cannot be distinguished in this way (34) . In CD4 Cre-Atg7
−/− mice, we observed a marked reduction in T-bet + NKT1 cells with comparable ratios between NKT2 (Tbet − RORγt − ) and NKT17 (Tbet − RORγt + ) cells (Fig. S9) . Furthermore, we also observed an overall increase in ICOS + NK1.1 − iNKT cells (Fig. S2) , which in Tsc1 −/− mice correlated with NKT17 function (35) . However, upon stimulation of thymocytes with α-GalCer, we observed reduced secretion of IFN-γ and IL-17 with no change in IL-4 secretion (Fig.  S9) . These results are consistent with a functional impairment of both NKT1 and NKT17 iNKT cell subsets.
We have observed normal rearrangement of Vα14-Jα18 segments, thus excluding altered survival of DP cells as a possible cause for iNKT cell development. However, upon α-GalCer stimulation we observed reduced expansion of CD4 Cre-Atg7 −/− iNKT cells. Although these results suggest normal proliferative signals during early stages of Atg7-deficient iNKT cell development, they also highlight a defect in their survival, which could be due to a combination of increased apoptosis (see below) and/or to autophagy-dependent regulation of cell cycle. Loss of autophagy might result in the abnormal persistence of cell cycle regulators (e.g., cyclin-dependent kinase inhibitors) and aberrant cell cycle entry, although the molecular mechanisms of this effect remain ill-defined (36) .
We have shown that iNKT cells' mitochondrial content (indirectly measured with the MitoTracker Green Probe) is developmentally regulated in human and mice thymuses and that in the absence of mitophagy murine cells accumulate superoxide species (indirectly measured with the MitoSox Probe) and die of apoptosis. A similar mechanism has been proposed to explain the decline of conventional T-cell numbers in the periphery of several autophagy-deficient mouse models (22) (23) (24) 37) . The observation that conventional T cells are affected during critical metabolic checkpoints in the transition phase between effector and memory cells is consistent with the fact that iNKT cells have already developed as memory cells in the thymus and prompted us to investigate the link between metabolism and autophagy in developing iNKT cells. Indeed, metabolic reprogramming has emerged as a critical modulator of T-cell fate and function (38) , and it is well known that the mTOR pathway controls the link between metabolism and immunity, in addition to inhibiting autophagy (39, 40) . We have shown that immature iNKT cells have higher uptake of a fluorescent glucose analog. Upon maturation, reduction of glucose uptake by iNKT cells is accompanied by lower proliferation and increased autophagy levels. These results suggest that mature iNKT cells, like memory T cells, are more quiescent, and we speculate that they may also need to revert to a metabolism mainly dependent on oxidative phosphorylation.
It is known that stage 0 iNKT cells undergo massive population expansion, controlled by the transcription factor c-myc. Ablation of c-myc at the double-positive stage specifically abrogates iNKT cell, but not conventional T-cell, development (30) . c-myc is also a crucial transcription factor for the metabolic switch to glucose metabolism that occurs upon naive T-cell activation, in addition to controlling key cell cycle regulators (41) . It is therefore possible that the increased glucose uptake that we observed in immature iNKT cells is driven by c-myc, as it occurs in a highly proliferative stage of iNKT cell development.
Similarly, the nuclear orphan receptor Nur77, which is upregulated in developing iNKT cells following strong TCR signaling (42) , is capable of regulating the expression of genes linked to glucose utilization (43) . Strong TCR engagement in conventional T cells has been shown to induce Nur77 translocation to the mitochondria, association with Bcl2, and exposure of the Bcl2 proapoptotic BH3 domain. In developing iNKT cells, however, concomitant signaling by the SLAM family of coreceptors delivers a survival signal that rescues iNKT cells from apoptotic death (44) . Sustained TCR signaling following recognition of CD1d self-lipids by developing iNKT cells at stage 0 leads to Egr1/Egr2-mediated up-regulation of PLZF (17) , the transcription factor that dictates acquisition of an iNKT cell innate-like phenotype (16, 45) . In stem cells, PLZF opposes mTORC1 activity by inducing expression of the mTORC1 inhibitor Redd1 (46) . Redd1 inhibits mTORC1 activity through regulation of Tsc1/Tsc2 (47) . In hematopoietic stem cells, the Tsc-mTOR axis is important to maintaining quiescence by repressing mitochondrial biogenesis and reactive oxygen species (48) , consistent with the ability of Redd1 to localize to the mitochondria and regulate mitochondrial metabolism, reducing ROS production (49) . By inhibiting mTORC1, Tsc1 also induces a quiescence program in naive T cells, in the absence of which T cells undergo apoptosis (50) . The phenotype of CD4 Cre Atg7
−/− mice is reminiscent of that of CD4 Cre Tsc1 −/− , which have fewer T cells in peripheral lymphoid organs, an altered ratio of CD4 + -to-CD8 + T cells, and expansion of CD44 hi CD62L low cells, with a corresponding reduction of naive cells and a defect in iNKT cell development. In addition, CD4 Cre Tsc1 −/− mice exhibit a block in iNKT differentiation at stage 2, with reduced IFN-γ and enhanced IL-17 secreting iNKT cells; however, the developmental block does not seem as severe as that observed in CD4 Cre Atg7 −/− mice, and discrete α-GalCer-CD1d tetramer + cells can be detected in the spleen and liver of CD4 Cre Tsc1 −/− mice (35) . Furthermore, the IFN-γ/IL-17 imbalance in iNKT cell subsets and the developmental block can be substantially corrected by rapamycin injection, suggesting that activation of the autophagy pathway downstream of the Tsc-mTOR axis might be critical for iNKT cell development. The observation that Tsc1 deficiency affects preferentially IFN-γ-secreting iNKT cells is interesting, as it is has been shown that conventional Th-17 cell differentiation is driven by an mTOR and HIF-1α-dependent glycolytic program (51) . Conversely, memory T-cell differentiation requires a lower metabolic activity (28, 52) .
Recently, two other metabolic regulators have been shown to regulate iNKT cell development. The serine/threonine kinase LKB1 is essential for the development of iNKT cells and other innate cells such as intraepithelial T cells, but not of conventional T cells (53) . LKB1 plays an important role during the proliferative burst of iNKT cells that follows positive selection, when such rapid proliferation imposes high metabolic demands. One possible target of LKB1 is the NUAK1 kinase, which induces cell cycle arrest in tumor cells exposed to energy stress, protecting them from apoptosis. Thus, NUAK1 may play an important role to return positively selected T lymphocytes to a quiescent state. The metabolic regulator Folliculin-interacting protein 1 (Fnip1) is also crucial for iNKT and noninvariant NKT cell development (54) . Residual Fnip1 −/− iNKT cells are more sensitive to apoptosis, which has been suggested to be secondary to altered mitochondrial homeostasis and metabolic stress. Fnip1 interacts with the serine/threonine kinase AMPK (adenosine monophosphate-activated protein kinase) that regulates energy consumption inhibiting mTOR via Tsc2 and Raptor phosphorylation and, in doing so, is required for the development of CD8 + memory cells (55) . Furthermore, in response to low energy, AMPK stimulates ATP and nutrient production, stimulating autophagy by activating the autophagy protein Vps34. Consistent with this, both excessive mTOR activation following conditional disruption of Tsc1 (50) and inhibition of autophagy by conditional disruption of Vps34 (24) have been shown to cause an early block in iNKT cell development. However, conditional Tcell deletion of AMPKα does not affect percentages or absolute numbers of thymic iNKT cells, whereas their differentiation into subsets and functional capacity remains to be investigated (53) .
It has been suggested that environmental factors such as higher oxygen tension in the blood and secondary lymphoid organs compared with the thymus may cause stress to T lymphocytes if their mitochondrial content is not reduced and that CD8 + T cells somehow have less tolerance for superfluous mitochondria than CD4 + T cells (23) . In conjunction with strong TCR signaling, the relatively hypoxic thymic microenvironment might itself contribute to driving T-cell quiescence via HIF-1α-dependent upregulation of the Redd1-TCS pathway (49) . Thus, although in activated CD8
+ T cells HIF1-α can sustain the glycolytic response downstream of mTOR (56, 57) , it remains to be established whether, in addition to c-myc, it also plays an important role in regulating iNKT cell development, perhaps by sustaining the glycolytic switch during population expansion.
HIF1-α also activates a negative feedback control mechanism through transcriptional regulation of Redd1 expression and the Redd1/Tsc axis.
Altogether the above results suggest that a fine balance between the autophagy and mTOR pathways is required during a developmental phase, resulting in massive cell expansion and metabolic stress. Indeed, ablation of mTORC1 signaling also causes a severe early defect in iNKT cell development (58, 59) . We speculate that iNKT cells undergo an early glycolytic shift driven by c-myc, but at the end of their expansion phase they have to be able to enter a quiescent, less metabolically active phase that relies on fatty acids, amino acids, and glucose as energy sources (60) . The reduced staining with mitochondrial probes, here used as surrogate for mitochondrial content, ultimately reflects quiescence of mature iNKT cells and naive/memory conventional T cells, which become more dependent on autophagy to provide the T-cell with sufficient metabolic fuel (61) . It remains to be determined whether in these cells autophagy also regulates the cellintrinsic lipolysis recently shown to support the metabolic programming necessary for CD8
+ memory T-cell development (62) . It has recently been reported that the metabolic checkpoint kinase mTOR is important for the development and activation of natural killer cells (63) . It remains to be determined whether other innate-like cells marked by PLZF expression (64) might have similar metabolic requirements for the acquisition of effector function and/or peripheral survival.
Materials and Methods
Mice. Mice were bred and housed in the Department of Biomedical Services, University of Oxford, in individually ventilated cases. Atg7 flox/flox mice (15) were crossed to CD4-Cre mice (65) (from Adeline Hajjar, University of Washington, Seattle) to obtain CD4 Cre-Atg7 −/− on a C57BL/6 background.
Genotyping was performed on ear genomic DNA as described (15 Medium and Reagents. A detailed list of medium and reagents, including working conditions for probes and tetramers, is provided in SI Materials and Methods.
Generation of iNKT Cells. Human iNKT cells were isolated and maintained as described (66) . The murine hybridoma DN32 was kindly provided by A. Bendelac (University of Chicago, Chicago).
Bone Marrow DC Stimulation Assays. BMDCs were differentiated from mouse bone marrow in complete medium in the presence of 20 ng/mL GM-CSF (Peprotech) for 7 d. Fresh complete medium and GM-CSF were added every 2 d. BMDC phenotype was confirmed by flow cytometry (CD11b, CD11c, and CD1d, all from eBiosciences). BMDCs were collected, washed, and plated at 100,000/well in U-bottom 96-well plates and used to stimulate iNKT cells (30,000-50,000/well in duplicate or triplicate) in the presence of lipids at the indicated concentration. iNKT cell activation was assessed by ELISA (human IFN-γ and mouse IL-2 from BD Pharmingen) on supernatants harvested after 36 h.
Mixed Bone Marrow Chimera. Recipient B6.SJL (CD45.1) mice were γ-irradiated twice with 450 rad and then reconstituted with a mixture of bone marrow derived from CD4 Cre Atg7 −/− (CD45.2) or C57BL/6 (CD45.2) and B6.SJL (totally 5 × 10 6 cells) to achieve a 50:50 chimera bone marrow. Eight weeks after reconstitution, mice were tested for chimerism, and at 10 wk chimeras were killed for analysis.
Flow Cytometry. Thymus, spleen, and liver were harvested, and a single-cell suspension was generated (67) . Cells were counted, and 10 million cells were stained for 15 min at room temperature with α-GalCer-CD1d tetramers [PE, PE CF594, or APC-labeled (68)] and live dead stain (Invitrogen, Aqua). Cells were washed and stained on ice. A detailed list of clones used is provided in SI Materials and Methods.
BrdU Analysis. To study cell turnover in vivo, 6-wk-old mice were injected i.p. daily with 1 mg BrdU (Pharmingen) on 2 consecutive days. Twenty-four hours after the second injection, thymocytes were harvested, and the single-cell suspension was stained for surface markers followed by staining with antiBrdU (Pharmingen) and Ki67 antibodies (eBioscience), following the manufacturer's instructions.
In Vitro Culture. Single-cell suspension of thymocytes (5 × 10 6 ) were CSFElabeled (Invitrogen) and plated in complete medium supplemented with human IL-2 (1,000 U/mL) and murine IL-7 (20 ng/mL, Peprotech) in the presence or absence of α-GalCer (200 ng/mL). Cultures were stained at day 4 and supernatants used for IL-4, IFN-γ, and IL-17 ELISAs (eBioscience).
Human Thymus Tissue. Thymus samples were obtained after informed consent and ethics committee approval from the University of Oxford and Great Ormond Street Hospital, London. The samples were from (i ) one infant (aged 1 y ) undergoing corrective cardiac surgery; (ii) two patients with generalized myasthenia gravis (MG) but no detectable acetyl-choline receptor auto-antibodies, whose thymuses appeared normal (69) , and one of whom was male, aged 13.9, and the other female, aged 23.5, and neither of whom had been given corticosteroids or other immunosuppressants; and (iii) one 12-y-old MG female with an anti-AChR titer of 4 nM, whose thymus showed lympho-follicular hyperplasia. Fresh thymic tissue was dispersed mechanically, and single-cell suspensions were washed and cryo-stored as described by Willcox et al. (70) . Upon thawing in complete medium, cells were immediately stained with MitoTracker, cyto ID, live and dead staining, and the following antibodies (from Biolegend except when specified): CD3 (clone UCHT1, BD Pharmingen), 6B11 (anti-invariant NKT cells, BD Pharmingen), Vβ11 (clone C21, Beckman Coulter), CD4 (clone OKT4), CD8 (clone RPA-T8), CD161 (clone 3C10), CD45RO (clone UCHL1), and CD24 (clone ML5).
Statistical Analysis. To compare differences between WT and KO values, a twotailed Student t test was performed using GraphPad PRISM analysis software.
